ABSTRACT: To compare the efficiency of 2 common methods in protozooplankton ecology the protozooplankton spring community of a mesotrophic prealpine lake was investigated. A direct live count and a routinely applicable modification of a quantitative protargol stain (QPS) were evaluated with respect to their reliability in determining and quantifying pelagic freshwater ciliates and heterotrophic and mixotrophic flagellates. Cell counts of most ciliate species from field samples as well as of cultures were not significantly different when estimated by the 2 methods. The QPS allowed for detailed ciliate identification even for species not determinable by the applied direct live observation. Consequently, 60% of all determined species from field samples were identified exclusively by means of the QPS. Both flagellate and ciliate cell volumes showed high and species-specific shrinkage after the QPS, thus underestimating calculations of cell volumes. After the QPS, aloricate ciliates shrank to less than 20% of their respective live volumes, whereas the armoured Colepsspetai did not shrink significantly. Thus, drawbacks in applying average conversion factors for cell volume calculations after the QPS are discussed. Total heterotrophic and mixotrophic flagellate numbers counted by the QPS method were 37 % of the direct live counts. Based on these results the advantages and disadvantages of the 2 tested methods used in protozooplankton analysis are summarized.
INTRODUCTION
Protozoa are major plankton components in most aquatic systems, feeding on bacteria, auto-and heterotrophic pico-and nanoplankton (e.g. Porter et al. 1985 , Miiller 1991 , Hall et al. 1993 , Simek et al. 1995 . Hence, by their grazing activities, they provide particulate organic matter (POM) to higher trophic levels and dissolved nutrients (DOM) to bacteria (Arndt 1994) . Because of their small size, rapid growth and high metabolic rates, they are an important link in microbial food webs even when appearing in low abundance (Fenchel 1987) . Their high turnover rates and short generation times allow many species to respond immediately to changing environmental conditions. Thus, protozoa may be sensitive and highly valuable bioindicator organisms in water quality analyses (e.g. Sladeeek 1973 , Foissner 1988 ). An exact determination of protozoan species is therefore a prerequisite to evaluate their ecological importance. Since a direct live observation of protozoa has to be performed immediately after sampling and requires some experience (see below), quantitative investigations are often carried out on fixed samples. Such established methods are epifluorescence rnicroscopy for enumerating fluorescently labeled flagellates (Haas 1982 , Caron 1983 , Sherr et al. 1993 ) and the quantification of ciliates by means of sedimented Lugol-fixed samples (Utermiihl 1958) . Unfortunately, these methods provide only poor taxonomic information. On the other hand, modern determination meth-ods for ciliates (revised in Foissner 1991) allow for detailed taxonomy, but do not result in reliable quantitative data. The quantitative protargol stain (QPS) developed by Montagnes & Lynn (1987) is a promising method combining the identification and enumeration of ciliates after silver impregnation. However, QPS is a time consuming compromise solution on both taxonomic and ecological grounds. Recently, Montagnes & Lynn's method has been modified by Skibbe (1994) resulting in a routinely applicable procedure duration of about 5 h.
It is well known that fixation of protozoa can lead to both shrinkage and swelling as well as to total destruction of cells (Choi & Stoecker 1989 , Sime-Ngando & Groliere 1991 , Jerome et al. 1993 , Leakey et al. 1994 . Unfortunately, the QPS is poorly investigated with respect to the quantitative nature regarding both cell numbers and volumes (Montagnes & Lynn 1987 , Jerome ei al. 1993 , Skibbe 1994 . In the present study, a slight modification of Skibbe's (1994) QPS and a direct live observation (droplet method after Massana & Giide 1991) were compared. The 2 methods were tested both qualitatively and quantitatively in order to evaluate their accuracy and reliability in determining freshwater protozooplankton communities. For that reason the investigations were carried out on a natural flagellate and ciliate population of the prealpine mesotrophic Lake Mondsee (Austria), as well as on different ciliate species originating from batch cultures.
MATERIALS AND METHODS
Ciliate cultures. The ciliate species Halteria grandineUa (Oligotrichida), Cyclidium glaucoma and Cinetochilum margantaceum (Hymenostomatida) were isolated from Mondsee and cultivated in batch cultures at 20°C. Cryptomonas sp. (strain 26/80, formerly Rhodomonas sp. strain 26/80 from the culture collection of algae in Gottingen, kindly provided by I. Bruchmuller, MP1 Plon, Germany) was grown on Woods Hole MBL medium (Guillard & Lorenzen 1972) and was supplied as food for H. grandinella. The 2 hymenostome species were fed on bacteria grown on wheat grain cultures.
Live observation. Samples from Mondsee (47'50' N, 13'23'E. 480 m above sea level) were taken on 21 May 1997 at 2, 6 and 12 m depth with a 5 1 Schindler-Patalas sampler. About 750 m1 of unfiltered water was poured into clean 1 1 plastic bottles, stored in a cooling box and transported to the laboratory immediately. Both flagellates and ciliates were enumerated using the 'droplet method' after Massana & Giide (1991) 1 to 2 h after sampling. All observations were performed on a microscope (Zeiss Axioplan) equipped with phase contrast and interference contrast (DIC) at a low magnification (125x for flagellates, 40x for ciliates) without a cover slip. Live observations of both ciliates and flagellates were done in 4 replicates. One hundred drops of 1 to 10 p1 each were pipetted onto a glass slide and quickly counted for flagellates using dark field illumination. Dimensions of the 4 flagellate species Dinobryon bavaricum, D. divergens, Dinobryon sp. and Salpingoeca sp. from the field samples were measured by means of image analysis. These 4 species represented a large part of the mixotrophic flagellate community at the time of sampling and were selected due to their good recognizability after the QPS. For enumeration of ciliates 20 drops of 250 p1 each for the field samples and Haltena cultures (each droplet containing about 5 to 10 ciliates) and 50 drops of 1 p1 for the Cyclidium and Cinetochilum cultures (each droplet containing about 5 to 10 ciliates) were observed using DIC. Flagellate and ciliate abundances per milliliter were calculated from the respective number of cells per each drop counted and the mean values of the 4 replicates were compared to the respective numbers from the QPS preparations. Identification of live ciliates was possible at least to genus level at a magnification of 400x.
Quantitative protargol stain. Protargol preparations of both flagellates and ciliates were achieved according to Skibbe (1994) with some modifications described below. The QPS is based on 6 main steps: (1) fixation of cells with Bouin's fixative, (2) concentration of cells on cellulose nitrate filters, (3) embedding of cells in a thin layer of agar, (4) protargol impregnation, (5) dehydration and (6) mounting in Canada balsam. The method provides permanent slides which allow both qualitative and quantitative evaluation of pelagic protists.
We made the following modifications to Skibbe's method description: In Step 1 we used 5 m1 of fixative for 95 m1 water sample. In Step 2, 1 to 4 (cultures) and 9 to 30 (field samples) m1 were filtered on cellulose nitrate filters with counting grid (pore size 0.8 pm, Sartorius). In Step 3 we embedded the filters in 3.6% liquid and warm (60°C) agar (0.36 g Agar agar, no. 1613, Merck, dissolved in 10 m1 of particle-free distilled water) and left them in 10% formaldehyde for 15 min to harden. During the protargol impregnation (Step 4), the usage of 0.5 % yellow gold chloride (Fluka) for 1 to 2 S gave the best results. Finally, in Step 6, the preparation of Canada balsam (No. 1686, Merck) was done by mixing it in Rotihistol (Roth) in order to reach a 'honey-like' viscosity. The temperature for the hardening of preparations embedded in Canada balsam was 60°C for at least 12 h.
The samples were impregnated with protargol within a few days after fixation. All preparations were investigated by means of DIC at a magnification of 500x in 4 replicates. Ciliate counts are based on the evaluation of 5 counting grids per filter, which was equivalent to 32.7 % of the total area. In addition, the whole filter area was investigated at a magnification of 125x to avoid a loss of large and rare species. Thus, a minimum of 200 to 300 cells per sample was counted.
Measurements and statistical analysis. Measurements on both living and fixed cells were performed with the -34 detect potential significant differences in our data when normally distributed. An additional hymenostomes (2 and 6 m) and peritrichs (2 m). Except Levene test and a power-test were performed for each for naked oligotrichs, these differences were due to set of data to check the reliability of the respective stahigher counts in the QPS samples. Naked oligotrich tistical test. Non-parametric data were compared by numbers were significantly (up to loo%, p < 0.05) the Mann-Whitney Rank Sum test. Significant differhigher in live counts at all depths investigated ences were assumed at p < 0.05, highly significant dif- (Table 1 , Fig. 1 ). Using counts from both methods, total ferences were assumed at p < 0.01 (see below for ciliate abundance in Mondsee ranged from about 20 detailed discussion). cells ml-' at 2 m depth to about 40 cells ml-' at 6 m depth. Mean total ciliate abundance was almost identical and not significantly different (p > 0.05) after both RESULTS live observation and QPS ( Fig. 2 ).
Ciliates
The determination of abundance for the 3 ciliate species from cultures (Haltena grandinella, Cyclidium Cell numbers glaucoma and Cinetochilum margantaceum) showed a similar pattern. Although differences in live and QPS The mean ciliate abundance was not significantly counts were higher than in field samples, only the live different (p > 0.05) for some ciliate groups using either counts for C. glaucoma were significantly higher (p < the live observation or the QPS method. However, sig-0.05) than the QPS counts. No significant differences nificant differences (p < 0.05) could be detected for (p > 0.05) in the abundance of H, grandinella and C. naked oligotrichs (all depths), prostomatids (6 m), margaritaceum could be detected for the applied As with in the field samples the direct live counts resulted in higher variability of the obtained results than the QPS.
Species composition
Twenty-eight pelagic ciliate species could be distinguished. The ciliate community was mainly composed by prostomatids and oligotrichs. Only 11 of the 28 species could be distinguished in the live samples, about 60% of all determined species were identified exclusively by means of the QPS ( Table 2) . Mainly rare, small and fast moving species were overlooked or lumped with other species in the live observations.
Cell dimensions
Shrinkage of ciliate cells after the QPS was observed on both field samples and ciliate cultures.
The aloricate species Haltena gra.ndinella, Cyclidium glaucoma and Cinetochilum margaritaceum shrank to less than 20% of their original live volumes. The cell volume of the lorica-bearing species Codonella crat-era was reduced less, namely to 25% of the live volume. Only the armoured prostomatid species Coleps spetai did not shrink significantly (p > 0.05); its cell volume after the QPS was 88 % of the live volume (Table 3) .
Due to that shrinkage of cells during the QPS, Jerome et al. (1993) suggested dividing cell volumes calculated after that preparation by an average factor of 0.4 to estimate live cell volumes. Our data clearly demonstrate the need for specific conversion factors in different ciliate groups due to the observed differences in shrinking. Conversion factors between 0.88 for the armoured Coleps spetai and 0.32 for aloricate species had to be applied to approximate the respective live cell volumes. An average factor would underestimate cell volumes of species shrinking more than others, whereas volumes of species hardly shrinking at all (e.g. C. spetal] would be overestimated by almost 300%.
Heterotrophic and mixotrophic flagellates Cell numbers
Mean heterotrophic and mixotrophic flagellate abundance in Mondsee calculated after live counts ranged from about 300 to 2000 cells rnl-' at 12 and 2 m depth, respectively. Cell numbers after the QPS were less variable and highly significantly lower (p < 0.01) at all 3 depths. The average heterotrophic flagellate number from the 3 depths investigated was about 1400 cells ml-' after live counting compared to a highly significant, lower (p < 0.01) number (about 450 cells ml-') after QPS (Table 1, Fig. 2 ).
Cell dimensions
Cell volumes for 4 flagellate species in vivo (Dinobryon bavaricum, D. diveryens, Dinobryon sp. and Salpingoeca sp.) were 229 to 328 pm3 cell-' for the 3 Dinobryon species and 140 pm3 cell-' for Salpingoeca sp. After fixation and QPS these cell volumes significantly (p < 0.05) declined to 51-70% for the 3 Dinobryon species and 37 % for Salpingoeca sp. (Table 3) . Mann-Whitney test due to lacking normality &stribution of data Leakey et al. 1994 ) and cell dimensions (Choi & Stoecker 1989 , Jerome et al. 1993 ). Due to the sensitivity of the cells to fixation and staining treatments, direct live observation seems to be the most gentle way to investigate protozoa. Different quantitative live observation techniques for protozoa have been described so far (Dale & Burkill 1982 , Sime-Ngando et al. 1990 , Massana & Giide 1991 . A drawback of these methods is that microscopic observation has to be done within a few hours after sampling. Longer transportation or storage times could lead to a loss of sensitive species due to changing temperatures or water chemistry (e.g. PI-I, oxygen). Additionally, encystment or excystment effects as well as grazing could alter the original species composition. Further, the handling of small and fast moving organisms requires some experience. To avoid these difficulties in live observation, most ecological studies are performed on fixed samples. Flagellates are commonly fluorescently labeled and quantified by means of epifluorescence microscopy (Caron 1983 , Massana & Giide 1991 , Simek et al. 1995 . Sedimented Lug01 samples after Utermohl (1958) are often used to enumerate pelagic ciliates (Leakey et al. 1993 ). However, these methods only provide poor taxonomic information, making species identification almost impossible in most cases. Additionally, most modern taxonomic literature for ciliates is based on silver staining techniques (e.g. Foissner et al. 1991 , 1992 , Foissner & Pfister 1997 . Unfortunately, these common taxonomic methods (revised in Foissner 1991) provide only rough quantitative data.
Since comprehensive ecological studies require both quantitative and reliable taxonomic data, the QPS seems to be a promising compromise method. Interestingly, there are only a few reports of the application of QPS in freshwater systems (Skibbe 1994 , Macek et al. 1996 , Mayer et al. 1997 , Pfister 1997 ) but numerous records for marine populations, all published by Montagnes and co-workers (e.g. Montagnes et al. 1988a , b, Martin & Montagnes 1993 , Montagnes & Taylor 1994 . Consequently, most quality checks concerning the QPS have been performed for marine ciliates only (Montagnes & Lynn 1987 , Jerome et al. 1993 . However, freshwater habitats are characterized by a different species composition and altered chemical conditions. We suggest that these factors could possibly influence shrinkage effects due to fixation. Mondsee and other standing waters. Therefore, we assume that our data may be representative for many other freshwater habitats.
Ciliates were commonly well stained by our modification of the QPS. However, our experience demonstrated that some ciliate groups are better impregnated than others. The QPS gave excellent results for oligotrichs, hypotrichs, cyrtophorids, peritrichs, most gymnostomatids and some hymenostomatids. Unfortunately, some prostomatids and hymenostomatids were poorly stained. Nevertheless, even these species could usually be determined by DIC. Although some taxonomically important characteristics (e.g. movement, color, shape) are lost, more species were distinguished with the QPS method than with the direct live count. Mainly rare, fragile, small and fast moving species were overlooked and partially misidentified in the live samples. For example, the abundant Balanion planctonicum was not distinguishable from small urotrichs and strobilids by our live observation but clearly identifiable in the QPS preparations. Consequently, we assume that the applied live counting technique produces severe taxonomical irregularities due to overlooking species or lumping some species together with others (cf. Table 2 ). These difficulties in correct species determination by means of the applied live observation might be one reason in the detected differences of cell numbers. The significantly higher numbers of naked oligotrichs by means of the live counts could be explained by incorrect species identification. Many of these very small and fast moving species could possibly have been small prostomatids which were recognized in the QPS preparations exclusively. The significantly lower numbers of that group in the live counts might support the theory of lumping species together (cf. Table 1, Fig. 1 ). However, with the applied live counting technique, a reliable identification of such small and fast moving species is almost impossible. On the other hand, total ciliate numbers obtained from QPS counts corresponded well with direct live counts, demonstrating the reliability of quantitative data provided by the QPS for many species.
We are well aware of some limitations in interpreting the data derived from our counts. The main problem is the limited strength of statistical support in some of our findings, which is essentially due to a lack of live data. The small sample sizes (droplets) in live counting pro-duced relatively high standard deviations, especially for rare species. Consequently, the power of statistic comparisons is sometimes below a desired level. Nevertheless, small sample sizes were necessary to keep the length of time needed for counting 1 droplet as short as possible. If the counting takes too long, the organisms would burst due to the heat caused by the microscope illumination. A microscope equipped with a cooled stage would allow for longer observation times of larger live samples. However, in our experimental setup we tried to reduce these drawbacks to the greatest possible extent. Unfortunately, rare and very small species cannot reliably be quantified by means of the applied live counting technique and spatial heterogeneity in a water sample interferes with the counts. Nevertheless, we are convinced that we have pointed to some important effects when a quantification of pelagic protozoa requires one of the 2 methods compared in this study.
Another criterion investigated was the shrinkage of fixed cells. The effect of the QPS on cell size has been investigated by Jerome et al. (1993) on 4 ciliate and a dinoflagellate species. Cell volumes after the QPS shrank to about 26% of live volume for Strombidium acutum and to about 65% of live volume for Euplotes sp. From their results, the authors proposed a rough conversion factor of 0.4 for biomass calculations after the QPS. Our results for freshwater samples showed even higher and remarkable species-specific shrinkage rates. After the QPS aloricate species shrank more than loricate ones. Almost no shrinkage could be observed for Coleps spetai. We assume that the armoured plates covering the whole cell protect this species from shrinkage. Considering such species-specific differences in shrinkage, an application of generalized conversion factors for biomass calculations from QPS preparations is problematic. We propose that cell volumes for biomass calculations should be determined on Living cells whenever possible. If biomass calculations from QPS preparations are necessary, conversion factors depending on the cortical properties of individual species should be previously established to avoid high errors in cell volume calculations. Additionally, the influence of the physiological and nutritional state of a cell on size effects during fixation (e.g. Sieracki et al. 1987) has to be tested in further laboratory studies.
We found almost no information in the literature concerning the quantification of flagellate populations by Fig. 2 a n d Sonnt a g e t al. unpubl.). T h e reason for t h e severe underestimation of heterotrophic flagellates after t h e QPS is that it is almost impossible to distinguish t h e m from autotrophic species. Possibly, m a n y heterotrophic cells h a v e been identified a s autotrophic o n e s in t h e QPS preparations a n d have therefore b e e n excluded from our counts. Additionally, e v e n t h e easily recognizable Dinobryon species w e r e found i n considerably lower n u m b e r s after t h e QPS. A reason for t h e underestimation of t h e s e loricate species could b e that m a n y cells leave their lorica during fixation. Since w e found m a n y e m p t y loricae on t h e slides, this might b e a n obvious explanation. T h e s e cells without their specific lorica a r e not easy to identify i n t h e protargol slides a n d m a y therefore h a v e b e e n overlooked. Hence, w e conclude t h a t t h e QPS method is not accurate for a n enumeration of heterotrophic a n d mixotrophic flagellates in field studies. Interestingly, shrinkage of t h e investig a t e d flagellates w a s lower than for most ciliate species observed (Table 3) . Since the investigated flagellates w e r e all loricate, a n influence of different cortical properties of these 2 protozoa groups could b e a possible explanation. However, t h e 4 flagellate species w e r e a b u n d a n t a t t h e sampling occasion, but cannot b e s e e n a s only representatives of a natural flagellate community. Nevertheless, w e assume that considera b l e shrinkage effects d u e to t h e QPS c a n also b e expected for m a n y other naturally occurring flagellate species (Sonntag e t al. unpubl.). Based o n t h e points discussed above a n d summarized i n Table 4 , w e recommend t h e application of both tested methods to determine cell numbers a n d dimensions of pelagic freshwater protozoa. Live observation is essential for t h e investigation of pelagic flagellates. For ciliates, t h e QPS m a k e s routine sampling possible, e v e n with high sample numbers i n a short time interval. This method results i n a good estimation of ciliate a b u n d a n c e a n d a relatively simple determination of most species. Permanent slides allow for further investigations to b e m a d e , e v e n years after sampling. However, calculations of cell volumes of both flagellates a n d ciliates based o n QPS preparations h a v e to b e evaluated with s o m e caution. Therefore, a n additional investigation of live samples a t least a t applicable time intervals is essential to obtain accurate cell dimensions a n d additional information for species determination.
